Animal studies have suggested that prenatal stress could affect the immune system of the offspring. In a nationwide cohort of all Danish children born from 1977 to 2004, the authors examined the association between prenatal stress, defined as maternal exposure to a stressful life event during pregnancy or in the 3-year period before conception, and the risk of severe or less severe infectious disease hospitalization in childhood. Log-linear Poisson regression models provided estimates of rate ratios. Compared with nonexposed children, children exposed prenatally to stress had a 25% (rate ratio (RR) ¼ 1.25, 95% confidence interval (CI): 1.06, 1.47) and a 31% (RR ¼ 1.31, 95% CI: 1.27, 1.35) increased risk of being hospitalized with a severe or a less severe infectious disease, respectively. Children born to mothers exposed to a stressful life event during pregnancy, during the 11 months before, or during the 12-35 months before conception were at 71% (RR ¼ 1.71, 95% CI: 1.20, 2.45), 42% (RR ¼ 1.42, 95% CI: 1.13, 1.78), and no increased (RR ¼ 0.86, 95% CI: 0.63, 1.18) risk of severe infectious disease hospitalization. No obvious association between risk of less severe infectious disease hospitalization and timing of maternal exposure was observed. Although the authors could not determine whether this is a biologic effect of prenatal stress or an effect of other factors related indirectly to a stressful life event, their results add new information about the consequences of prenatal stress.
The psychological health of a pregnant woman may have severe consequences for the future life of the growing fetus (1) . Several studies, of which the majority have taken important variables such as smoking and sociodemographic factors into consideration, have suggested an association between maternal exposure to stress during pregnancy or in the 6 months before conception and risk of preterm births (2, 3) , reduced birth weight (4), congenital malformations (5) , and spontaneous abortions (6) . In addition, the offspring of these women seem to be at an increased risk of developing both certain neurologic and psychiatric disorders such as cerebral palsy (7) and schizophrenia (8, 9) and minor mental disorders including behavioral, social, and emotional disturbances (10) .
Animal studies have furthermore suggested that prenatal stress also has an important impact on the immune system of the fetus (11, 12) . Signs of altered immune functions such as decreased natural killer cell cytotoxicity (13, 14) , impaired cytokine secretion (15) , reduced proliferative lymphocytic activity (14, 15) , and reduced numbers of white blood cells (12) have been observed among animals exposed prenatally to stress, effects which even appear to last beyond infancy (12, 15) . The mechanism behind this immune-modulating effect of prenatal stress is unknown, but maternal stress hormones might influence the immune organs of the fetus (14, 15) or act on other physiologic systems that regulate immune responses such as the hypothalamic-pituitaryadrenal axis (11, 16, 17) .
Although data from animal studies do suggest that prenatal stress might increase the susceptibility to infectious diseases in the offspring (12, 14) , very few human studies have addressed this issue. Stress during pregnancy seems to alter the immune function (18) (19) (20) of the mother and the immune responses in mononuclear cells from the cord blood (21) , but whether this has any consequences for the immune system and future risk of infectious diseases in the offspring is unknown.
To evaluate the possible association between prenatal stress and the risk of infectious diseases in the human offspring, we estimated the relation of infectious disease hospitalization and prenatal stress in a large populationbased cohort study comprising all children born in Denmark from 1977 to 2004. The study included longitudinal information on all childhood (0-14 years) hospitalizations due to infectious diseases. Prenatal stress was measured as maternal exposure to the death of a spouse, death of an older child, or maternal divorce during pregnancy or in the 3-year period before conception. According to Holmes and Rahe's Social Readjustment Rating Scale, the death of a spouse, death of a child, and marital dissolution are considered among the most devastating and stressful life events (22) .
MATERIALS AND METHODS

Stressful life events
Since April 1, 1968, Danish residents have been assigned a unique personal identification number in the Civil Registration System. On the basis of this information, we established a study cohort of all singletons born between January 1, 1977, and December 31, 2004 . The biologic parents and siblings of all the children in the cohort were identified by using the information on familial links available in the Civil Registration System for all children born since the beginning of the mid-1950s (23) . Information about marital status and vital status of the biologic parents and siblings was likewise obtained from the Civil Registration System. To our surprise, a few of the children in the cohort were born to parents who were married before the age of 15 years. We considered this very unlikely and chose to exclude these children (0.1%) from the study cohort. Prenatal stress was defined as maternal exposure to the death of a spouse, death of an older child, or maternal divorce during pregnancy, 0-11 months before conception, or 12-35 months before conception. Only events including biologic relatives and only the first divorce between biologic parents were considered as stressful life events.
Infectious diseases
Information about all acute severe infectious diseases (SIDs) (sepsis, meningitis, pyelonephritis, osteomyelitis, ethmoiditis) (24) (25) (26) and all less severe acute infectious diseases (LSIDs) (pneumonia, upper respiratory infections, gastroenteritis, cystitis, bronchitis, conjunctivitis, influenza) (27) in the cohort was ascertained from the Danish Hospital Discharge Register (28) by using the personal identification number as a key. Only inpatient contacts and infectious diseases registered as the main cause of the hospitalization were included in the study. In addition, 2 subsequent hospitalizations were registered as 2 hospitalizations only if they were separated by more than 14 (30, 31) . Finally, information on mother's ethnicity, mother's age at childbirth, number of siblings, birth order, and urbanization at birth was obtained from the Civil Registration System. Variables were identified as confounders for the association between prenatal stress and risk of infectious disease hospitalization if they changed the rate ratio comparing prenatally exposed and prenatally nonexposed children by more than 10% in a regression model including age and period as covariates.
Statistical analysis
Each child in the cohort was followed from 4 weeks after birth or January 1, 1980 (information about socioeconomic factors was not available before 1980), whichever came later, to the first of the following events: 15th birthday, death, emigration, disappearance, or end of follow-up (December 31, 2004). If a child was exposed after birth to parental divorce, death of a sibling, or death of a parent, the child was no longer followed up for infectious diseases (person-years at risk were censored at the date of the stressful life event) to avoid any possible effect of childhood exposure to stressful life events that later in life could interfere with the effect of prenatal stress.
Associations between stress variables and risk of infections (LSID and SID) were evaluated by log-linear Poisson regression models by using SAS, version 9.1, statistical software (SAS Institute, Inc., Cary, North Carolina), producing estimates of incidence rate ratios according to prenatal stress status. As only the highest level of parental education appeared to be a confounder according to the above confounder analysis, the rate ratios were adjusted for attained age (1-2 months, 3-6 months, 7-11 months, followed by 1-year intervals), period (5-year intervals), sex, and parental education (basic schooling including persons with missing information, high school, skilled workers/technical education, educational qualifications, commercial and office training, short higher education, medium higher education, and long higher education). Parental education was treated as a time-dependent variable.
RESULTS
Among 1,670,269 children born from 1977 to 2004, 14,076 children had experienced 1 or more stressful life events prenatally, corresponding to 1,950 mothers who had experienced a stressful life event during pregnancy, 6,605 mothers in the time period 0-11 months before conception, and finally 5,521 mothers in the time period 12-35 months before conception. Children who prenatally experienced stressful life events were born of slightly older mothers, parents with slightly lower education and income, and more often a mother with another ethnicity than Danish and Greenlandic. No obvious difference between exposed and nonexposed children was observed for urbanicity at birth. However, apart from education, none of the above factors had a confounding effect on the association between prenatal stress and risk of infectious disease hospitalization ( Table 1) .
The most common prenatal stressful life event was death of a sibling; 71.6% of the exposed children had lost 1 or more siblings prenatally, 25.1% of the children were exposed prenatally to parental divorce, and finally 3.7% of the exposed children lost a father (few children were exposed prenatally to more than 1 specific stressful life event). The percentage of children exposed prenatally to parental divorce or the death of a father was virtually unchanged from the 1977 birth cohort through the 2004 birth cohort (on average, 0.21% and 0.03% per birth cohort, respectively), whereas the percentage of children exposed prenatally to the death of an older sibling decreased from 0.87% in the 1977 birth cohort to 0.43% in the 2004 birth cohort.
Overall, 13,223 episodes of SID hospitalization and 314,345 episodes of LSID hospitalization were identified in the cohort during 15,911,210 person-years of follow-up. Compared with nonexposed children, children exposed to prenatal stress had a 25% (rate ratio (RR) ¼ 1.25, 95% confidence interval (CI): 1.06, 1.47) and a 31% (RR ¼ 1.31, 95% CI: 1.27, 1.35) increased risk of SID and LSID hospitalizations, respectively. The period in which the mother was exposed to a stressful life event had an important impact on the rate ratios of SID hospitalization among the offspring. Thus, maternal exposure during pregnancy, 0-11 months before conception, and 12-35 months before conception led to a 71% (RR ¼ The death of a father during pregnancy had no effect on the following risk of infectious disease hospitalization in the offspring. If the mother lost an older child before or during pregnancy, the offspring had a 24% (RR ¼ 1.24, 95% CI: 1.01, 1.51) and a 22% (RR ¼ 1.22, 95% CI: 1.17, 1.27) increased risk of being hospitalized with a SID or a LSID, respectively. Children whose mother was exposed during pregnancy were at the highest risk of SID as well as LSID hospitalization. Finally, parental divorce during pregnancy or in the 3-year period before conception increased the offspring's risk of SID and LSID hospitalization by 35% (RR ¼ 1.35, 95% CI: 1.00, 1.82) and 55% (RR ¼ 1.55, 95% CI: 1.47, 1.64), respectively. The time of divorce in relation to conception and pregnancy had no obvious effect on the risk of LSID hospitalization, whereas the risk of SID hospitalization was highest for offspring of mothers exposed during pregnancy or in the 1-year period before conception (Table 2) .
Robustness analysis
As prenatal stress has been associated with preterm birth, you could speculate that the observed effect of prenatal stress on the risk of infectious disease hospitalization is mediated through low birth weight or low gestational age. We therefore repeated the analyses and adjusted for birth weight (<2,500, 2,500-2,900, 3,000-3,400, 3,500-3,900, 4,000-4,400, 4,500-4,900, 5,000 g) and gestational age (<37, 37-39, 40-41, 42 weeks), respectively. The estimates were virtually unchanged. Overall, the rate ratios for SID and LSID hospitalizations were 1.23 (95% CI: 1.04, 1.45) and 1.28 (95% CI: 1.24, 1.33) when adjusting for birth weight and 1.22 (95% CI: 1.04, 1.44) and 1.27 (95% CI: 1.22, 1.31) when adjusting for gestational age. An alternative definition of severity could be length of hospital stay. Overall, 25% of the children admitted with an LSID or a SID stayed for 4 days or more. We repeated the analyses according to length of stay, 4 days and <4 days, and found comparable estimates. Thus, children exposed prenatally to a stressful life event were at 38% (RR ¼ 1.38, 95% CI: 1.30, 1.47) and 28% (RR ¼ 1.28, 95% CI: 1.23, 1.33) increased risk of being hospitalized 4 days or <4 days, respectively.
DISCUSSION
Compared with nonexposed children, children exposed prenatally to stress had a 25% and a 31% increased risk of SID or LSID hospitalization in childhood. The susceptibility to infectious diseases in the offspring was highest within the first year of life. Maternal exposure to stress during pregnancy had the highest impact on the risk of infectious disease hospitalization, although maternal exposure to divorce or the death of an older child even 3 years before conception still influenced the risk of LSID hospitalization in the offspring.
To our knowledge, this is the first larger epidemiologic study examining the risk of infectious diseases among children exposed prenatally to stress. Previous animal studies (11-13, 15, 32, 33) , as well as human studies (18) (19) (20) 34) , have observed signs of altered immune functions among offspring exposed prenatally to stress, but none of the studies looked at the subsequent risk of a clinical infection in the offspring.
To account for the possible effect of parental psychological stress, we differentiated the infectious diseases into 2 categories: the severe infectious diseases (SIDs) and the less severe infectious diseases (LSIDs). Most of the children suffering from an LSID do not get hospitalized but are treated at home or by the general practitioner. The association between prenatal stress and risk of LSID hospitalization could therefore be influenced by other factors. Obviously, parents who have lost an older child will be over protective and very worried about the health of the new child (35) . General practitioners might therefore be more prone to hospitalize a child with an LSID, if the family previously has experienced the death of a child. Furthermore, single parents either divorced or widowed may not have the resources or ability to handle a sick child at home. In contrast, the risk of being hospitalized with a SID should not be influenced by requests of the parents. Parental psychological stress might therefore contribute to the observed increased risk of LSID hospitalization among children prenatally exposed to stress, whereas the influence on SID hospitalization should be minimal. The observed affect of prenatal stress on the risk of LSID but not on SID hospitalization in older children (1-14 years) is compatible with prolonged increased parental psychological stress following the stressful life event. Longer lasting parental stress following a stressful life event may also explain the increased risk of LSID versus no increased risk of SID hospitalization following maternal exposure to a stressful life event in the offspring even 1-3 years before conception. Using SID as the outcome does, however, have other limitations, as severe infections are rare and prenatal stressful life events are rare, resulting in few cases and low statistical power. On the other hand, by using hospitalizations as the outcome for infectious diseases, we might have overlooked a stronger association between prenatal stress and milder infectious diseases not requiring hospitalization.
Prenatal stress has been associated with an increased risk of preterm birth (3) and low birth weight (4). One might therefore speculate that the observed effect of prenatal stress on the risk of infectious disease hospitalization could be mediated through reduced birth weight and low gestational age (36) . However, all the associations included in Table 2 were similar when adjusting for birth weight or gestational age, which argues against a mediator effect of birth weight and gestational age (37) .
Prenatal exposure to the death of a sibling had a considerable effect on the subsequent risk of infectious disease hospitalizations, whereas prenatal exposure to the death of a father did not influence the risk of infectious disease hospitalization. These findings are in line with observations in a previous study showing no increased risk of congenital malformations among children whose mother experienced the death of a partner during pregnancy, whereas maternal exposure to the death of an older child before or during pregnancy led to a 31% increased risk of malformations in the offspring (5). Similar observations were seen in a study examining the association between prenatal stress and risk of cerebral palsy (7). This phenomenon may reflect less intensity of exposure as the pregnant mother does not necessarily have to live together with or cohabit with the child's biologic father (5) . However, our findings concerning prenatal exposure to the death of a father are based on small numbers and should be interpreted with caution. We also observed a considerably increased risk of infectious disease hospitalization among offspring prenatally exposed to parental divorce, suggesting that the psychological distress experienced by a pregnant woman in association with a divorce (38) could affect the future health of the offspring. It is, however, puzzling that we were able to identify women who gave birth to a child although they had been divorced from the child's biologic father many months before conception, and that the risk of infectious disease hospitalization in the offspring of these women was almost similar to the risk observed if the mother was divorced during pregnancy. This could indicate that the stress-related effect of prenatal divorce probably is due to nonbiologic factors affecting the child's later life, such as unhealthy parental behaviors in combination with unstable family conditions. In contrast, maternal exposure to the death of an older child had the highest impact on infectious disease hospitalization if the mother was exposed during pregnancy, which is to be expected if stress had a more direct biologic effect on the development of the fetus.
We were able to evaluate the importance of several potential confounders and mediators, such as gestational age, birth weight, education, income, mother's age, and so on, but we were not able to adjust for pregnancy complications, health disorders, lifestyle factors, and psychosocial resources such as social stability and family support, factors which might affect the offspring's susceptibility to infections and the likelihood of hospitalization. Thus, maternal stress during pregnancy may influence the health of the growing fetus indirectly by adoption of unhealthy behaviors, such as smoking, drinking alcohol, poor diet, or usage of medication (4, (39) (40) (41) (42) . It is furthermore plausible that women under stress not only have an unhealthy diet but also restrict nutritional intake leading to maternal undernutrition, which may have a persistent effect on the offspring's health (43, 44) . In addition, women exposed to stressful life events during pregnancy tend to cease breastfeeding earlier (45) , which could have an important impact on the offspring's susceptibility to infectious diseases (46) . Finally, if a poor maternal lifestyle is not improved postnatally, the child will be raised under less favorable conditions and may adopt the same unhealthy lifestyles. Thus, we cannot determine whether our findings are due to a biologic effect of prenatal stress or whether they indicate an effect of other factors related indirectly to stress.
Although the death of a spouse, the death of a child, and divorce generally are perceived as very stressful events, the reaction might be very different individually. The timing of stress related to the death of a spouse, the death of a child, and especially a divorce is not always that precise, meaning that the most stressful situation for the mother might not appear at the precise day of the stressful life event, which of course could affect the estimates concerning time since maternal exposure.
Finally, we have examined at least 30 different associations between prenatal stressful life events and the risk of infectious disease hospitalization and, thus, we cannot rule out that some of our statistically significant results might be random findings due to multiple testing.
We conducted a large nation-wide cohort study including all Danish children born during 1977-2004, which corresponds to approximately 1.7 million children. By using the unique personal identification number, we ascertained objective information about exposure and outcome from 2 independent population-based registers in a prospective design. Thus, the risk of selection and recall bias is considered low. We relied on data from the Danish Hospital Discharge Register. Although the specific diagnoses of the infectious diseases studied in the present study have not undergone validation, the whole group of infectious disease has. Benfield et al. (47, 48) found that, among cases discharged with an infectious disease, 99% had an infection according to hospital journals. We selected well-defined severe life events such as the death of spouse, divorce, or the death of a child, because these events normally are perceived as very traumatic and stressful (22) .
Childhood mortality due to infectious diseases is very low in European countries. However, infectious diseases still account for considerable morbidity. In combination with the fact that stress is becoming more and more prevalent in the adult population, the possible impact of maternal stress on the unborn child's susceptibility to infectious diseases is an important public health issue and deserves further attention.
